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COULOMB'S  LAW  AND  THE  QUANTITATIVE 
INTERPRETATION  OF  REACTION  RATES,  III 


by 

Edward  S.  Amis 
ABSTRACT 

In  the  derivation  of  equations  for  the  effect  of 
the  dielectric  constant  of  the  medium  upon  reaction 
rates  the  use  of  Cculombtc  energy  r?  the-*  than  Coulomblc 
free  energy  as  obtained  from  the  electrostatic  fcrcd 
equation  Is  Justified  thermodynamically  lr.  constant 
dielectric  ccn  tar.t  media. 

The  nature  of  the  electrostatic  effect  with 
respect  to  whether  the  effect  was  favorable  or  unfavorable 
to  the  rate  process  Is  discussed  for  certain  selected 
conditions  and  reactant  types. 


The  Integration  of  the  force  equation 

F = - \ f dr 

V 

gives  free  energy,  F.  Amis  (1,2,3)  has  considered  the 
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equation  to  give  energy  when  the  force,  f,  was  used  as 
Coulomb's  fo^ce  Involving  ions  and  ions,  ions  and 
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dlpoles  or  dipoles  „nd  dipoles  when  reacting  in  media  of 
constant  dielectric  constant. 

This  pape-’  proposes  to  shew  that  in  medi-  of  constant 
dielectric  constant,  the  change  of  Coulcmblc  free  energy 
with  dielectric  constant  is  equivalent  to  change  of 
Coulomblc  energy  with  change  In  dielectric  constant.  Thus 
the  derivations  of  the  rate  equations  was  correctly 
interpreted  as  being  based  on  Coulomblc  energies. 

Cculombic  free  energy  Fc,  for  bringing  an  Ion  of 
charge  2^ £ from  .v  to  a distance  r of  an  ion  of  charge 

2gf , Is  found  by  inserting  in  the  integral 

r 

Fc  = - f dr  (1) 

the  Coulcmblc  expression  for  the  force  f between  the 
ions,  namely, 

f = (2) 

Dr2 


and  integrating  the  resulting  equation  thus 

F = - Zl^  ^2^  ( 'r  dr  _ 2^w'Zg^ 

D ^ r2  Dr 

The  diffeT-ence  in  Coulomblc  free  energy  for 
performing  the  above  operation  on  a mole  cf  Ions  1 
medium  of  dielectric  constant  Dg  as  compared  to 
oper  ting  in  a medium  cf  dielectric  const  nt  D-^  is 


(3) 


n a 


giver. 


nv  thp  pfiin  t. Inr 


&re  = 


- N W n i 


{%  - V 


where  N is  Avag.dro's  number. 

The  free  energy  change  AFC  fer 
the  icr.s  in  a medium  cf  dielectric 


to  the  free  er.erty  change  AF^  for 


(4) 

a process  Involving 
constant  Dg  is  equal 
the  process  in 


-3- 


medlum  of  dl electric  constant  plus  the  change  ir. 

Coulonblc  free  energy  AF  In  transf err  i r.g  the  process 

c 


from  medium  1 to  medium  2,  thus 

AFDl  = A fd2+AFc  ( 5 J 

and  a like  expression  holds  for  the  other  thermodynamic 
functions,  for  instance 

ASd2  -Asd+Asc  (6) 

and 

^EDg  ='-''ED1*AEc  (7> 

Nov; 

a f -Ah  ~ t A s (8) 

and  f^r  •.  process  In  solution  where  the  change  of  volume 
is  negligible 

AH  =AE+pAV  = AE  (9) 

Therefore  in  solution 

AF  “4E  - ThS  (10) 

We  have  from  Eq.  (5)  and  (10) 


Aed2  - »®D8  - wV^Eo  ' T“S°  (11) 

But  for  chemic  1 "ate  processes  carried  out  in  solvents 
of  constant  dielectric  constant  wo  have  (4)  for  the  change 
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of  entropy  A 5c  quo  to  Coulomb! c effects 

i s =4fo  f inV  = o 

c j In  T 

and  therefore  from  Eq.  (6) 

I4sDj  = ^ 

Thus  f’-cm  Eq.  (11),  (12),  .*  r.d  (13) 

AEDg  = AEDi1  AEc. 


(12) 

(13) 


(14) 
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also  f^cm  Eq.  (10)  • nd  ( 12 ) 

AF  = aE„  - TAS^  = Ae„. 

c c c c 

and  using  Eq.  (14)  -.nd  (15) 

AEq  = mlZ2i2  fi  i> 

r lD2  " D1 


(15) 


(16) 


In  the  case  of  ionic  reactants  In  solution  then 


t'n  = Z e - _4%j 
2 RT 


(17) 


log  k'D  = log  Z - ^^2 

2 2.303  RT 


= log  Z - ^EDi 


2.303  RT  2.303  RT 


log  k'D  = log  Z -^EP! 


therefore 


log  k' 


log  k1 


2.303  RT 


\ 2. 3C3 


(20) 


Substituting  the  expression  forAE  from  Eq.  (16)  Into 

v 

Eq.  (20),  we  have 

2 

log  k'^  = log  k«n  - N Z1Z2€  /l  ].  \ (21) 

D2  1 2.303  RTrjD  h. 

\ 2 V 

and  If  dielectric  constant  is  taker,  as  a reference 
dielectric  const- r.t  v/  1th  a value  .f  Infinity  and  If 
is  t-ker.  :.r.  any  dielectric  ccr..  t-.r.t  B,  vie  have  from  Eq. 
{2l\  and  romomb  ring  that  N/R  - l/k 


!°g  ^'D=D  = log  k 1 c_  » h.  Z2^ 


2.303  kTrD 


(22) 


as  was  given  by  Amis  (5). 
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Similar  consider.-  tlor.s  apply  to  the  derlv  tlor.s  of  the 
equc.tlor.8  for  the  dielectric  constant  effect  upon  the  specific 
velocity  constant  of  reactions  between  Ions  and  dipoles  and 
between  dipoles  and  dipoles  (6). 


6.  Anils,  Edward  S.  , J.  Chem.  Educ. , 3C,  351  (1953) 


In  the  equations  for  the  different  charge  type  combi- 
nations cf  reactants  It  proves  permissible  to  acc.ur.t  for  the 
effect  upon  reaction  rates  of  electrostatic  forces  by  taking 
Into  account  the  charge  clems  of  the  lens  and  to  reg- rd  the 
moments  of  d'  oies  as  having  only  magnitude  rr. d no  sign.  This 
seems  hard  to  vlsu:  ilze  n*r.ee  although  the  over'll  charge  on  a 
dipole  la  zero  and  Its  sign  neither  positive  nor  r.eg’ tlve,  yet 
there  are  positive  and  negative  centers  of  charge  lr.  a dipole 
and  It  scorn:-.:  reasonable  that  an  Ion  would  approach  a dipc?  e from 
an  electrostatically  favorable  direction,  that  is,  a positive 
icr.  would  preferentially  approach  the  negative  end  of  a dipole 
and  a negative  lcr.  would  preferentially  be  attracted  to 
positive  end  of  a dipole. 

The  equation  derived  by  Amis  (6)  for  the  effect  of  the 
dielectric  constant  cf  the  medium  upon  reactions  between  lor.e 
and  molecules  Is 


] r.  k 1 


n 


lr.  k' 


Z t x 
Dk.Tr^ 


(23) 


The  predictions  cf  this  equation,  considering  only  the 
magnitude  of  the  dipole  moment,.^,  cf  the  molecular  reactant, 


h'-8  beer,  found  to  a "roe  wi  th  d-  ta  lr.  the  case  cf  the  reactions 
of  the  positive  hydrogen-! or.  with  sucre se  (6),  the  negative 


hydroxidd  ion  with  dlacetor.e  alcohol  (6),  the  negative 
hydroxide  lor.  with  methyl  propionate  (7),  the  positive 
hydrogen  lor.  with  methyl  propionate  (8),  the  positive 

7.  Quinlan,  John  E. , and  Amis,  Edward  S.,  Data  r.ct  yet 
presented  for  publication. 
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hydrdger.  lor.  with  ethyl  acetate  (9)  and  th  negative 
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thiosulfate  lor.  reacting  with  ethyl  broir.omalor.&te  (10). 
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The  rates  of  th-'  reaction..  Involving  the  positive  lor.lc 
reactants  decrease  with  Increasing  dielectric  constant 
while  th-  rates  of  th  react  cr.s  lr.  which  negative  ’or.lc 
reactant?  occu"  Increase  with  Increasing  dielectric 
constant  of  the-  media.  Furthermore  the  plots  of  log  k’^-^ 
v reus  l/D  are  straight  lines,  the  magnitudes  .f  the 
slopes  of  which,  when  their  signs  and  th  a charge  Igr.  cf 
the  lor.s  are  accounted  for,  yield  reasonable  molecular 
dimensions  for  th  parameter  r,  which  Is  supposedly  the 
distance  cf  approach  cf  reactants  f_r  reaction  to  occur. 

Electrostatically  tha  above  phenomena  might  be 
explained  as  follows.  A positive  ion  tends  to  approach 
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tho  negative  end  of  molecule.  There  is  an  attractive 
force  operative  which  is  diminished  by  an  increase  of  the 
dielectric  constant.  Thus  th«..-  rate  of  the  reaction 
decreases  as  the  dielectric  const:  nt  Increases.  Apparently 
the  cation  reactant  tends  to  ppro.-.ch  the  dipolar  reactant 
from  an  electro stat 1 c- 1 ly  favorable  direction.  In  the 
case  cf  the  negative  Ionic  reactant,  If  the  ease  of  approach 
of  the  ion  to  the  molecule  is  the  factor  which  governs 
the  electrostatic  influence  on  the  reaction  rate,  the 
approach  of  the  lor.  to  the  dlpcl.a”  molecule  would  have 
to  be  electrostatically  unfavor  ble  for  tha  r-.tc  to 
Increase  Mth  increase  of  the  dielectric  constant.  Because 
whether  favor- ble  or  unfavorable  the  electrostatic  force 
which  determines  the  ease  of  approach  cf  two  electric 
charges,  would  decrease  with  increase  cf  dielectric 
constant,  and  a decreased  influence  cf  an  unfavorable 
approach  only  could  account  for  an  increase  of  race. 

Lot  ur  new  consider  the  reaction  cf  a dipcla”  mole- 
cule with  a dipolar  molecule.  Laldler  and  Eyrlr.g  (11) 


11.  Laldler,  K . J.  , ■.  r.  Eyrlr.g,  Ko-nry,  "The  The  ."y  cf 

Rato  Pr-.  cesses."  McGraw-Hill  5. ok  Company,  New  York, 
1941,  p.  442, 

summarize  the  dielectric  constant  effect  upon  such 
reactions  by  lr.alc:  ting  an  lncreas..-  _f  reaction  rate 
with  increasing  dielectric  constant.  Their  equation  which 
gives  the  influence  .f  dielectric  constant  upon  the 
reaction  rate  for  dipolar  m.locul o-dlpclar  mclcculo 


reactions  Is  (12) 
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must  bo  .or.  unfavorable  one  ojod  the  dipcla"  mclcculo 
reactants  must  approach  each  cth.r  from  on  elect”'  statically 
unfavorable-  direction  if  approach  Is  the  controlling 
electro  static  effeot. 

Also  lr.  the  Amis  equation  (6)  for  dipolar  mclecule- 
dlpclo’-’  molecule  reactions,  namely, 


m k«D=D  = m k 


2 ' 


1 2 


D = v Dk  Tr^ 


(25) 


the  electrostatic  term  Ip  preceded  by  a negative  sign  and 
must  decrease  in  absolute  valuer  an  D Increases  f_r 
lr.  to  increase  with  Increasing  D.  Thus  again  the 

olectrastatlc  effect  Is  unfavorable  r.d  the  dipolar 
reactantr.  must  approach  each  other  from  an  electro- 
statically unfavorable  d.  recti  or.  if  .approach  Is  the 
governing  electrostatic  oifedt. 


